The Upper Triassic Chinle Formation was deposited at an exceptional time in Earth's paleogeographic and paleoclimatic history. During the Triassic, the supercontinent Pangaea was at its greatest size, in terms of both aggregated continental crust and exposed land area. Moreover, the exposed land was divided symmetrically about the paleoequator between the northern and southern hemispheres. These conditions were ideal for maximizing monsoonal circulation, as predicted from paleoclimate models. The Chinle was deposited between about 5?to 15?N paleolatitude in the western equatorial region of Pangaea, a key area for documenting the effects of the monsoonal climate. This study summarizes sedimentologic and paleontologic data from the Chinle Formation on the Colorado Plateau and integrates that data with paleoclimatic models. The evidence for abundant moisture and seasonality attest to the reversal of equatorial flow and support the hypothesis that the Triassic Pangaean climate was dominated by monsoonal circulation.
INTRODUCTION
The supercontinent Pangaea represented an exceptional phase in Earth's paleogeographic history, a maximum of continental aggregation (Valentine and Moores, 1970 (Vail et al., 1977) , and the area of exposed land was great (Parrish, 1985) . More importantly, with the exception of a small fraction in parts of what is now China and southeast Asia, this exposed land area constituted a single continent (Fig. 1) . On first principles, it would be expected that the continent would have had an extraordinary effect on global paleoclimate. The continent cut across and therefore disrupted nearly every part of the zonal atmospheric circulation. In addition, the great size of the exposed land, the presence of large landmasses in low mid-latitudes, and the presence of a warm seaway to act as a source of moisture would have maximized summer heating in the circumTethyan part of the continent.
The Permian-Triassic interval has long been regarded as unusual, representing a unique and extreme paleoclimatic state, because red beds and evaporites were global in extent (Schwarzbach, 1963; Waugh, 1973; Turner, 1980; Glennie, 1987 ; and many others) and because evaporite depositional regimes covered more area in the Triassic than at any other time (Gordon, 1975) . As data on paleoclimatically significant fossils and rocks have gradually been accumulated and put into the context of plate tectonics, the uniqueness of the Permian-Triassic has only been emphasized.
In a landmark work linking the then-new concept of polar wandering/continental drift and paleoclimate, Briden and Irving (1964) compared the modern and paleolatitudinal distributions of climatically significant rocks. Briden and Irving (1964) started with the assumption that the distributions of climatically controlled sediments were similar in the past to their distributions today, that is, that the general zonal pattern characteristic of much of modern circulation and climate would have existed throughout Earth history. With this assumption, and despite the fact that their continental reconstructions were crude by current standards, the distributions of most rock types, particularly carbonates, made more sense when plotted against paleolatitude than against present latitude.
Unlike carbonates, however, the distribution of evapo- (1964) finding that these paleoclimatically significant rocks are not distributed in simple latitudinal zones, and also found that the rocks formed an odd geographic mixture. Although this mixture was at least partly an artifact of plotting data for the entire period on one map, the deposits nevertheless suggested to Robinson (1973) that the climate was strongly seasonal, and she used the term monsoon to describe it. The same concept has appeared repeatedly in different forms. Daugherty (1941) , for example, described the flora and environment of the Chinle Formation as "savanna," a term he used to compare the wet-dry climatic signature of the ancient ecosystem to modern savannas (although the comparison is not entirely realistic since modern savanna ecosystems are dominated by grasses, which evolved much later than the Triassic). Much of the present Earth's savanna occurs within the region of influence of the Asian monsoon (Rumney, 1968; Espenshade and Morrison, 1978) and always in areas of strongly seasonal rainfall. Since Robinson's (1973) work, the beginnings of a theoretical basis for the hypothesis of Pangaean monsoonal circulation have been established in a series of papers outlining the general hypothesis , the development of the monsoon (Rowley et al., 1985) , the monsoonal maximum (Parrish and Peterson, 1988) , and the breakdown of the monsoon (Parrish and Doyle, 1984 Ash (1967 Ash ( , 1972 Ash ( , 1978 and Ash and Creber (1990) argued for a tropical, humid climate, possibly with increasing aridity in the upper parts of the Chinle. Daugherty (1941) interpreted the climate as humid subtropical to tropical with ample rainfall and a distinct dry season. Gottesfeld (1972) suggested the climate was warm and arid, perhaps seasonal, with throughflowing streams and increasing aridity towards the top of the formation. Thus, the interpretations have ranged from ever-wet to predominantly arid. We begin by discussing the dynamics of monsoonal systems as understood principally from the modern Asian monsoon, the strongest such system at present. This is followed by a discussion of the climatic patterns that are predicted for Pangaea based on our current understanding of monsoon dynamics, concentrating on the western equatorial region, where the Chinle Formation was deposited. We show that the climatic patterns expected in that region were likely to have been controlled by the global circulation system. Interpretations of the climatically significant sedimentological and paleontological evidence from the Chinle are then presented, followed by a discussion of the Chinle in the global climatic context. Documentation of the geologic evidence for Pangaean paleoclimate is extensive, as implied by the references cited above, but it is scattered; integration of available evidence worldwide is underway (Parrish, 1988) . However, full characterization of the monsoonal system requires more detail than is readily achievable on a global scale, and the global documentation must necessarily be accompanied by detailed studies directed toward key intervals and regions. As a result of the dynamics of the Pangaean monsoon, the western equatorial portion of Pangaea is such a region.
MONSOONAL CIRCULATION AND CLIMATE AND THE PANGAEAN MONSOON
Although the term "monsoon" sometimes is used by geologists interchangeably with "season," to climatologists the term refers to a climate system that is distinct from seasonality as expressed in most regions of the world. An important feature of monsoonal circulation is cross-equatorial flow, which results from the thermal and pressure contrast between the winter and summer hemispheres. A monsoon system is driven primarily by sensible heating, so it necessarily involves circulation in the tropics and subtropics. The climatic consequences of monsoonal flow are 1) abundant, but extremely seasonal, rainfall, concentrated in the summer months, and 2) little annual tem- The strongest monsoonal circulation at present is over Asia, where the summer monsoon low-pressure cell is particularly intense. Several factors contribute to the strength of the summer monsoon: 1) the size of the continent, which contributes to maximum summer heating; 2) the crossequatorial pressure contrast between the low-pressure cell over southern Asia and the subtropical high-pressure cell in the southern Indian Ocean; 3) the Indian Ocean, which is a source of heat and moisture; 4) the effect of the Tibetan Plateau as a high-altitude heat source and conduit for latent heat release; and 5) the thermal isolation of the summer low-pressure center for cool air in northern Asia.
Sensible and Latent Heating and
Cross-equatorial Flow Initiation of the summer monsoonal circulation occurs when Asia begins to warm up in the Spring (Ramage, 1966) . With the warming, the surface air rises and return flow into the southern Indian Ocean subtropical high-pressure cell commences. During the summer monsoon, circulation in the southern Indian Ocean is strongly affected by the circulation in the Northern Hemisphere (Ramage, 1971; Webster et al., 1977) . The subtropical high-pressure cell in the southern Indian Ocean has an annual cycle unlike any other. Typically, a subtropical high-pressure cell is centered over the eastern half of the ocean basin it occupies, and its intensity is greatest during the summer, the season of maximal thermal contrast with the adjacent continents. The southern Indian Ocean high-pressure cell, however, occupies the expected position only during January-March. During the height of the Asian summer monsoon, the cell shifts to the west; it is also at its strongest, despite the season (southern winter; see, for example, Knox, 1987, fig. 13.1) . Clearly, the intensity and position of the southern Indian Ocean subtropical high-pressure cell, at least during the northern summer, are controlled in large part by the climate to the north (Webster et al., 1977) . This illustrates the importance of cross-equatorial pressure contrast in disrupting zonal circulation.
In the Pangaean monsoon, differential heating between Tethys and the summer hemisphere would have been similar to that occurring between the Indian Ocean and Asia during the summer Asian monsoon. However, in Pangaea, the interhemispheric thermal contrast would have been augmented by the even stronger cooling of the largely ter- (Rumney, 1968) . A shows the annual rainfall pattern typical of the Asian monsoon system. B and C show the difference between equatorial eastern Africa, which is affected by the Asian monsoon, and equatorial eastern South America, which experiences zonal circulation and normal seasonality. Belen Uen lies at about 5? N and Georgetown at about 7? N. Note the scale change for rainfall. restrial Southern Hemisphere. Even without input of heat and moisture from Tethys to the summer hemisphere the thermal contrast between the large land masses flanking the equator would have been strong enough to drive monsoonal circulation; indeed, monsoonal circulation occurs today on Mars, where latent heat processes are minimal or non-existent (Haberle,1986; Young, 1987) . Because of the latitudinal distribution of the Pangaean land mass, the seasonally alternating circulation over the large land areas would have occurred in both hemispheres. The high-pressure cell in the winter hemisphere would have "faced" a low-pressure cell in the summer hemisphere across Tethys, and this maximal temperature and pressure contrast would have been semiannual. A consequence of cross-equatorial flow in the modern Asian monsoon system is that eastern Africa (e.g., Fig. 2B ) is much drier than similarly situated regions (equatorial South America, eastern East Indies; e.g., Fig. 2C ). In these other regions, the easterlies associated with the ascending Hadley circulation carry warm, very moist air over the land, and the moisture is released as abundant rainfall. Because the equatorial easterlies are diverted by the monsoon, eastern equatorial Africa does not receive much rainfall. Indeed, the greatest rainfall in equatorial Africa is in the west, and this also is attributable to the summer monsoon over Asia. Flow in the vicinity of western equatorial Africa is west to east, the reverse of "normal" equatorial circulation, especially during the northern hemisphere summer. The thermal low over the Sahara might be regarded as an extension of the Asian low, and it is intense enough to reverse equatorial flow (Das, 1986) .
Although the monsoonal circulation is initiated by sensible heating, moist processes are very important to the strength of the Asian summer monsoon. In a dry system, the maintenance of convection depends entirely on continued heating at the ground surface. In a moist system, the convection is partly self-propagating, through latent heat release, so long as the moisture supply is continuous. The source of moisture for the Asian monsoon is the Indian Ocean. Air flowing into the monsoon at the surface originates over the southern Indian Ocean and picks up additional moisture as it continues northward over the ocean and becomes warmer. The expanse of warm, equatorial ocean adjacent to Pangaea (Tethys) was comparable to that traversed by the modern air masses flowing from the southern Indian Ocean into the Asian summer monsoon, so the latent energy in the two systems might be expected to have been comparable.
Topographic Effects
The Tibetan Plateau enhances the summer monsoonal circulation by functioning as a high-altitude heat source. Simply put, the ground surface of the plateau increases the altitude of warm isotherms, so that the temperature at 6000 m on the plateau is much warmer than the temperature of air at the same altitude over the lowlands. The effect is the same as a rising column of warm air-the relative pressure is low. Today in southwestern India, the Western Ghats have a similar, though less intense effect on the monsoonal circulation (Ramage, 1966) .
Although the consensus is that the cross-equatorial thermal contrast is the primary cause of the monsoon (Young, 1987; Webster, 1987; Murakami, 1987) , the importance of the Tibetan Plateau to the strength of the monsoon is well-established (Flohn, 1968; Hahn and Manabe,1975; Das, 1986; Murakami, 1987) . Thus, the possible consequences of Pangaean topography must be considered. A particularly pertinent study in this regard is that of Hahn and Manabe (1975) , who modeled the Asian monsoonal system with mountains (M) and with no mountains (NM). The major differences in the results of the simulations were the following: 1) The center of the low-pressure cell over Asia was farther to the northeast over northeastern China in the NM case. Even though the low pressure was as intense as the observed and M simulation lows, the effect of this displacement was to decrease the pressure gradient over southern Asia. 2) Latent heat release and, therefore, rainfall did not penetrate as far into the continental interior in the NM simulation as in the M simulation and in the observed monsoonal system. This was partly due to a lower pressure gradient. Summer and winter rainfall was thus predicted to have been confined to the coastal regions, and desert-like conditions were predicted for the interior, as occur in Australia today (Webster, 1981) . The distribution of latent and sensible heating in Asia was similar for the two models except in the vicinity of the Tibetan Plateau; the overall effect was that Asia was dominated by sensible heating in the NM simulation and by latent heating in the M simulation, but it should be noted that the climate patterns (e.g., precipitation) actually were quite similar everywhere but over the plateau itself (Hahn and Manabe, 1975, fig. 4.5). 3) The Somali jet, a concentration of northward moving streamlines parallel to the Somalian coast, was predicted by the M simulation but not by the NM simulation. A possible effect is that precipitation in the adjacent region of Africa would be higher in the absence of mountains, whereas in the present system, precipitation in eastern equatorial Africa is low and limited to spring and autumn (Fig. 2B) . However, the differences between the M and NM simulations in precipitation and the position of the inter-tropical convergence zone (ITCZ) in that region were small. Pangaea was not devoid of mountains. A mountain chain that probably resembled the Andes lay along the northern margin of Tethys, formed during northward movement and subduction of the paleo-Tethyan plate (the present Tien Shan and Nan Shan mountain ranges; Scotese et al., 1979; Klimetz, 1983) . These mountains might have enhanced the release of latent heat much as the Western Ghats in southwestern India do now (Ramage, 1966 The so-called heat low (referring to sensible heat) centered over northwestern India and Pakistan, which remain arid through the summer monsoon, is maintained and intensified by high-level subsidence of air that is warmed by the release of latent heat over southwestern and northeastern India (Ramage, 1966; Das, 1986 ). This heat low blocks the northward penetration of moist air in that region (Krishnamurti and Ramanathan, 1982) . If part of the return flow from latent heat release over the Tethyanmargin mountains was in the upper atmosphere over the interior, as occurs over Pakistan and northwestern India today, the interior would be expected to have been arid . Major support for the monsoon hypothesis is the evidence of widespread aridity in Pangaea, which prompted Robinson (1973) to suggest monsoonal circulation in the first place.
Climatic Consequences of the Pangaean Monsoon
Four effects of Pangaean monsoonal circulation are predicted: 1) Evidence of seasonality, especially of moisture, will commonly be strong, and rocks containing such evidence will be widespread. 2) The equatorial region, particularly in the east, would have been dry relative to the high-latitude regions of Pangaea or to the equatorial region at other times in Earth history. At its greatest intensity, the monsoon might have been strong enough to reverse equatorial flow, and in that event the western equatorial region of Pangaea will be relatively humid. 3) Climatic belts would not have been zonal, that is, parallel to latitude. 4) The conditions described above should have reached a maximum in the Triassic. This is because the hypothesis of Pangaean monsoonal circulation is dependent on the size of Pangaea and the cross-equatorial contrast between northern and southern halves, and that contrast would be expected to be maximal when the contrasting continental areas are about equal in size and at about the same latitude. Thus, the period of strongest monsoonal circulation is expected to have been in the Triassic, when these conditions were met ( Fig. 1; Parish, 1985; Parrish et al., 1986 ). Whether the maximum occurred earlier or later in the Triassic Period depends on the apparent polar-wander path for Pangaea, which for the later part of the Triassic is controversial (see Discussion).
Substantial support for all of these predictions has been documented from many parts of the world (e.g., Olsen, 1986 Table 1 .
The Shinarump Member is characterized by white to yellow and gray, medium-to coarse-grained and conglomeratic sandstone that displays complex cut-and-fill structures, lenticular internal scour surfaces, and rare large-scale lateral-accretion bedding. Large-scale, trough cross-stratification and less abundant tabular-planar crossstratification and horizontal laminations are common sedimentary structures. Sandstone bodies grade laterally into Dubiel, 1983 Dubiel, , 1987a , b, c). The transition from massive, conglomeratic, and tabular-planar stratified sandstone at the base upward into medium-grained, trough cross-stratified sandstone represents a change from primarily bedload deposition in braided streams with transverse bars to mixed-load deposition in low-sinuosity fluvial systems dominated by sand waves and local point bars.
A gradational contact exists between the Shinarump Member and the overlying Monitor Butte Member. The Monitor Butte contains purple-mottled, yellow, brown, and red sandstone and siltstone; black, organic-carbon-rich mudstone; green, bentonitic, silty sandstone and mudstone; red, calcareous mudstone; and tan to pink and green limestone. These diverse lithofacies represent a variety of continental depositional environments.
A purple-mottled sandstone unit typically occurs at the base of the Monitor Butte Member. The mottled unit is characterized by large, irregular mottles of dark purple, lavender, yellow, and white that reflect varying concentrations of iron-bearing minerals. Ubiquitous in the mottled unit are large cylindrical trace fossils interpreted to be the casts of lungfish burrows The purple-mottled units can be traced laterally into gray and purple siltstones that contain finely comminuted fragments of plant material. The siltstones can be traced farther laterally and distally into gray to black, very thinly laminated, organic-carbon-rich mudstones and shales. The black mudstones typically contain abundant conchostracans, fish scales, and fragmented fish bones, whereas gray mudstones that have a lower organic-carbon content con-tain abundant, calcareous Darwinula sp. ostracodes and plant fragments (Dubiel, 1983) . The black mudstones are as thick as 15 m and in places contain coal beds as thick as 20 cm. Locally, the mudstones are interbedded with tan, thin-bedded limestones that contain Darwinula sp. ostracodes, thin-shelled unionid bivalves, and small vertebrate bones (Dubiel, 1987a, b; Parrish and Good, 1987) .
These Monitor Butte Member strata were deposited by fluvial systems and in lacustrine-marsh and bog-wetland environments (Dubiel, 1984, 1987a, b, c) . The conchostracans and Darwinula sp. ostracodes, along with the relatively high organic content of the black mudstones and shales and thin carbonates, suggests these strata were deposited in lakes and marshes (Dubiel, 1983 (Dubiel, , 1987a indicate deposition by fluvial processes. The lenticular, coarse-grained sandstones were deposited as bedload in low-sinuosity fluvial channels. The red, thin-bedded units are levee, crevasse splay, and overbank deposits that contain carbonate-nodule paleosol horizons. These paleosols, calcic vertisols, were the source of the carbonate nodule clasts within Moss Back conglomerates. The thick-shelled unionids were washed out of perennial fluvial systems and onto crevasse splays during flood events . The trace fossils resemble Scoyenia gracilis, which is generally attributed to a sediment-ingesting arthropod and is commonly associated with shallow aquatic settings subject to periodic drying (e.g., Ekdale et al., 1984 ).
An increase in the rate of clastic sedimentation, associated with an increase in volcanic activity and ash production, resulted in the progradation of the Monitor Butte and the overlying Moss Back fluvial, crevasse splay, and deltaic systems (Blakey and Gubitosa, 1983; Dubiel, 1983 Dubiel, , 1987a Dubiel, , 1989b ). The Monitor Butte and Moss Back Members were deposited as a westward-to northwestwardtrending system of fluvial and lacustrine-deltaic distributary channels, subaerial and subaqueous crevasse splays, and lacustrine, lacustrine-marsh, and lacustrine-delta deposits ( Fig. 6; Dubiel, 1987a, b, 1989b) . Green Monitor Butte rocks represent subaqueous lacustrine, marginallaustrine, and fresh-water marsh deposition and contain abundant detrital organic matter, carbonized plant fossils, and casts of giant horsetails. As the system prograded to the northwest, Moss Back fluvial channels, splays, and floodplains deposited typically red strata that lack organic matter and plant fossils; organic matter was probably oxidized and destroyed in subaerial settings. Owl Rock strata were deposited in an extensive lacustrine environment that developed in response to continued subsidence and to a reduction in clastic and volcanic sediment input (Fig. 7) . The lack of fluvial-channel deposits, and the abundant bioturbation by lungfish, crayfish, and small invertebrates in both the limestones and the siltstones, indicate that deposition occurred in large lakes and on lake margins. Clastic-carbonate couplets in laminated limestones suggest that alternating carbonate precipitation and clastic sedimentation may have been related to seasonal precipitation and runoff to the lake. The larger scale interbedding of siltstone and limestone in the Owl Rock is suggestive of longer term climatic fluctuations, possibly representing Milankovitch cycles (Dubiel, 1989b, c) .
Orange (Fig. 8) (Dubiel,  1987a, 1989a, b) . The large-scale, eolian cross-stratification and the large mudcracks indicate that drier periods and desiccation were more prominent during deposition of the uppermost part of the Chinle. Moreover, the singular aspect and large size of both the mudcracks and the mudcrack polygons indicate that the sediments were water saturated before drying out, and that the drying probably occurred as a single event. Preliminary examination of petrographic thin sections of the upper part of the Chinle indicate that the red color of these rocks, in contrast to the variegated colors of the lower Chinle, is due to a greater development of diagenetic hematite. The greater development of hematite in this part of the Chinle may be related to the lack of organic carbon in the rocks. Both hematite development and the decreased organic carbon (Fig. 4) . About 300 m of reddish-brown to reddish-orange mudstone, siltstone, fine-grained sandstone, and lesser amounts of dark-gray to reddish-purple conglomerate and sandstone were deposited in fluvial, floodplain, and lacustrine environments in a setting proximal to the orogenic uplifts ( Table 2 ). The Gartra Member at the base of the Chinle is overlain by mottled strata and by the informal red siltstone member ( The coloration of the rocks, which reflects hematite development and original organic-carbon content, and the paleosol development, yield additional insight into water table fluctuations and climate. Gray, black, and green rocks of the Monitor Butte Member reflect its high organiccarbon content-the result of rapid sedimentation and preservation in either subaqueous environments or below the water table, removed from the oxidizing effects of the atmosphere. Black, organic-carbon-rich marsh mudstones indicate that water tables must have been consistently near-surface for plant growth and preservation of organic matter. Well-developed paleosols would not be expected in these subaqueous environments. However, episodically flooded floodplains or exposed lacustrine mudflats would be expected to display some effects of pedogenesis. The color-mottling in the Monitor Butte Member is the result of pedogenesis and of bioturbation, both of which are attributed to shallow, fluctuating water tables. The development of singular, isolated carbonate nodules and pseudoanticlines in Chinle tropical floodplain vertisols reflects the seasonal influx of carbonate with precipitation or flooding.
In the Owl Rock Member, low rates of clastic sedimentation under oxygenated lacustrine water columns led to the destruction of organic carbon in that environment. Thus, the precipitation of carbonate-rich sediments and hematite cements resulted in limestone beds and red siltstones, respectively. Similarly, deposition on subaerially exposed or ephemerally wet lacustrine mudflats where organic matter was oxidized produced the red coloration of the Church Rock and Rock Point Members.
Depositional environments, organic-carbon preservation, position and fluctuation in water tables, and fossils and trace fossils provide the following insights into Chinle paleoclimates. Early in the history of Chinle deposition, water was abundant in wetland, lacustrine, and terrestrial environments that supported a variety of aquatic and terrestrial fauna and flora. During deposition of the upper part of the Chinle, extensive lacustrine basins and mudflats persisted, culminating in playa-mudflat and eolian sand-sheet deposition. The inferred depositional environments, ichnofossils, and paleosols suggest that although water was relatively abundant in the system, deposition was punctuated by dry periods. These interpretations support the predictions from paleoclimate models for humid conditions in the western equatorial region of Pangaea due to the reversal of equatorial flow, and they are consistent with Chinle paleobotany and paleontology.
Paleontological Evidence for Chinle Climate
A diverse flora and fauna is present in the Chinle Formation, with plants, nonmarine aquatic invertebrates, and vertebrates all well represented. These taxa vary in their utility as paleoclimatic indicators, with the plants and invertebrates providing the greatest constraints on climatic inference.
Paleobotanical Evidence
The Chinle macroflora has been most extensively described by Daugherty (1941) and subsequently by the prolific studies of Ash (e.g., 1967 Ash (e.g., , 1972 Ash (e.g., , 1987 . Palynomorphs have been studied by Daugherty (1941) , Gottesfeld (1972) , and Litwin (1985 Litwin ( , 1986 . The major floral elements consist of ferns, seed ferns, and conifers; at least 50 species are represented. As noted above, divergent opinions on the climate have been offered by the various students of Chinle paleobotany.
Daugherty ( Data gathered so far do not indicate a major difference in growth patterns between specimens measured in the lower and upper parts of the Petrified Forest Member. Rings are wider in the trees from the upper Petrified Forest Member; the difference is statistically significant at P < 0.05. This difference could result from changes in climatic, hydrologic, taphonomic, and/or biologic processes, and the preliminary nature of these results does not permit distinguishing among these at this time.
Although clearly the one tree with no rings (fn 9004012) grew continuously over the span that could be examined, continuous growth was not the general mode (cf. Ash and Creber, 1990 ). However, we agree with Ash and Creber (1990) that the rings probably are not always annual (and thus statistics such as standard deviation and mean sensitivity are not meaningful in the usual sense). On the other hand, rings in many specimens, for example, the one with 31 rings in 15.5 cm, could easily be annual growth rings. In any case, the ring characteristics are indicative of a highly variable growth environment, inconsistent with either climatic constancy or genetically controlled biocyclicity. The variability is mostly likely the result of a combination of variable climate and growth-site hydrologic regime. As this is work in progress, we tentatively suggest that the trees that exhibit narrow growth rings provide evidence that water availability fluctuated annually. These trees most likely grew in areas where the water table was close to the limit of root penetration, so that the annual dry season lowered the water table enough to stop growth in those trees. In general, the trees with narrower rings also had more false rings, which are indicative of temporary cessation of growth during the growing season. This would be consistent with greater susceptibility of these trees to environmental perturbation, and the false rings may indicate drier intervals during the wet season. By contrast, trees with wide or no growth rings provide evidence that climate was equable with respect to temperature, but they do not necessarily indicate year-round rainfall. These trees most likely grew close to the water table, along channel margins, and their growth ceased only during the most severe annual droughts, when the water table dropped farther than normal.
Invertebrate Paleontology
Nonmarine molluscs from the Chinle Formation include unionid bivalves and prosobranch gastropods. The paleoecology of the taxa and the taphonomy of these mollusc assemblages provide limits on the climatic setting during deposition of the host sediments.
Unionid bivalves are infaunal suspension feeders. They burrow in various substrates and maintain contact with the water-sediment interface through very short siphon tubes. Modern diverse associations of unionids require fresh, non-turbid, oxygenated, shallow, calcium-rich, permanent subaqueous habitats with flowing water, pH greater than seven, stable substrate, food source, and at least seasonally warm temperatures (Hanley, 1976; Burkey, 1973) . Several instances of unionid bivalve survival by aestivation during desiccation of their habitat in dry seasons have been documented (Boss, 1974; Dance, 1958; McMichael, 1952); however, the abundance and diversity of Chinle unionid-bearing beds and absence of bivalve aestivation trace fossils in aquatic Chinle strata suggest that the above-mentioned general requirements of unionid bivalves also apply to the Late Triassic unionid associations.
Prosobranch gastropods from the Chinle Formation represent two families, Pila (Valvata) gregoryi (Robinson, 1915) of the Pilidae and three species of Lioplacodes (Triasamnicola) of the Viviparidae. These gastropods are herbivorous, grazing on macrophytes or aufwuchs (aquatic scum-biota of algae, bacteria, fungi, protozoans, and associated microscopic plants and invertebrates). These mesogastropods respire subaqueously via a ctenidial gill and require oxygenated habitats, although they can tolerate short periods in anoxic conditions (Aldridge, 1983) .
Most Late Triassic unionid bivalve localities in the Chinle Formation are preserved within crevasse-splay deposits (Good, 1989a (Dubiel et al., 1989b) . These localities commonly contain unionid bivalves, prosobranch gastropods, ostracodes, and aquatic vertebrate elements. Taphonomic features of these assemblages include articulation of a significant proportion of the bivalve shells, poor size sorting, and little or no abrasion and fragmentation of bivalve shells. Features that suggest the lakes were perennial include the large size of individuals, the diversity and abundance of the molluscs, lack of bivalve aestivation trace fossils, presence of Darwinula sp. ostracods (Dubiel, 1983; Kietzke, 1989) , and the diverse, predominantly articulated vertebrate fauna that includes fish, amphibian, and small reptile elements.
Growth bands in bivalve shells provide evidence for seasonality in molluscan aquatic habitats. Most research to date has examined marine bivalve species. Microgrowth increments are produced by changes in the ratio of calcium carbonate to organic matter within the shell. During optimal environmental conditions, bivalves actively pump water from the overlying water column. Respiration is aerobic, and inorganic shell material, calcium carbonate, is deposited. When environmental conditions decline the valves close, isolating the bivalve from the surrounding environment until conditions improve. Respiration proceeds along anaerobic pathways, and organic-acid waste products accumulate and are stored in extrapallial fluids where they are neutralized by the dissolution of shell calcium carbonate. Thus, the dissolution produces a layer of insoluble organic residue on the inner shell surface. When (Table 3) . Regular banding features light and dark bands of near-equal widths with sharp boundaries (Fig. 9A) . Several localities contain specimens with this banding pattern clearly preserved on the external surface of shells (Fig. 9B) . Irregular banding features light and dark bands of irregular thickness (Fig. 9C) . The irregular banding pattern occurs in several lacustrine bivalve assemblages. Modern lacustrine unionids typically have distinct and regularly spaced annual bands and paucity of pseudoannual bands due to the stabilizing effects of a large body of water (Grier, 1922; Stansberry, 1961) . Lacustrine systems inhabited by these Chinle bivalves perhaps were too small or shallow to provide protection from environmental perturbations. Massive banding features rare, very thin, irregularly spaced dark bands in generally very thick, heavy shells (Fig. 9D) , apparently due to continuous growth. Neomorphosed texture reflects recrystalization and concomitant obliteration of any preexisting growth band pattern.
The regular banding pattern represents annual growth bands in Chinle Formation unionid bivalves, reflecting annual environmental variations or seasons. Because the Colorado Plateau was within the tropics during the Late Triassic, annual temperature variation was insufficient to force 361 I - By far the most abundant vertebrate skeletal fossils in the Chinle belong to phytosaurian archosaurs and metoposaurid amphibians, both of which were amphibious to aquatic. The distribution, preservation, and environments of deposition of fossils of these groups are consistent with the presence of perennial streams, lakes, and ponds (Colbert, 1972; Gottesfeld, 1972; Parrish, 1989) . Certainly the presence of large aquatic ectotherms such as the metoposaurids suggests temperate to tropical conditions, but these organisms do not seem to be useful for more precise temperature inferences.
Large, fully terrestrial vertebrates were also present throughout deposition of the Chinle. Herbivorous forms included the abundant, armored aetosaurs, as well as trilophosaurs, rhynchosaurs, and rare ornithischian dinosaurs. Generic-level extinctions of aetosaurs, and wholescale extinction of rhynchosaurs, trilophosaurs, and the semi-aquatic herbivorous dicynodonts appear to have occurred at or near the Carnian-Norian boundary (Parrish, 1986 (Parrish, , 1989 . Fully terrestrial carnivores included the poposaurs, crocodylomorphs, and staurikosaurid and podokesaurid dinosaurs. These were not clearly subject to generic or higher level extinctions at the Carnian-Norian boundary, although abundance and diversity of dinosaurs appears to increase in the Norian. In any event, the characterization of Chinle faunas offered by Stewart et al. (1972) , which called for increased abundance of aquatic forms during the later part of Chinle deposition, is not supported in light of new collections and abundance estimates based on previous collections (Parrish, 1989) . Locally, the abundance of large obligate aquatic vertebrates, such as lungfishes and coelacanths (Schaeffer, 1967; Ash, 1978; Dubiel, 1987b; Dubiel et al., 1987) , indicates the presence of large, perennial watercourses or lakes and marshes.
In some situations, the preservation of vertebrate fossils suggests climatic seasonality (Parrish, 1989) . For example, the nature of skeletal preservation in the Placerias Quarry near St. Johns, Arizona indicates the following taphonomic sequence: 1) animals died in situ and were disarticulated but not disassociated subaqueously or subaerially; 2) some elements were trampled and partially buried, with exposed sections of elements subject to decay (Camp and Welles, 1956); and 3) bones were subsequently preserved by additional sediment influx. The nature of the quarry strata suggests an organic-rich, possibly partially anoxic pond, whereas the nature of the preservation, particularly the evidence of trampling, suggests periodic, possibly seasonal fluctuations in water table.
Similarly, the Coelophysis quarry near Ghost Ranch, New Mexico (Schwartz and Gillette, 1986) appears to be a mass death concentration, presumably produced by a herd drowning (Parrish, 1989) . However, the vertisolic nature of the entombing strata and the mode of preservation of the skeletons (with necks recurved as a result of drying of the nuchal ligaments) suggests that the animals accumulated on a floodplain and that the carcasses dried out prior to being buried by a subsequent massive influx of sediment, perhaps from a mudflow.
Trace fossils are also good indicators of seasonality. Dubiel et al. (1987) described burrows from various horizons in the Chinle that were consistent in morphology with burrows containing fresh water lungfish fossils known from various upper Paleozoic rocks in North America (e.g., Langston, 1963; Vaughn, 1964; Carroll, 1965; Carlson, 1968) . Identification of these burrows as all belonging to lungfish has been questioned McAllister, 1988 The widespread apparent increase in precipitation (or decrease in evaporation) may require a more complex explanation than simply the reversal of equatorial flow suggested by Parrish and Peterson (1988) . One possibility is suggested by Kutzbach and Gallimore's (1989) sensitivity test for a five-fold increase in CO2 (which was coupled to a realistic 1 % decrease in solar luminosity; see also Parrish, 1985) , which resulted in an increase in temperature and temperature range and a slight decrease in precipitationevaporation balance. A slight lowering of CO2 in the atmosphere might have had the opposite effect, producing the effects seen in the Carnian-Norian.
Sedimentological and paleontological evidence strongly suggests that rainfall throughout Chinle deposition was episodic. The precipitation-evaporation balance apparently dropped during deposition of the Rock Point Member, so that the overall climate became drier. We have until this point intentionally avoided emphasizing the term "seasonal," which would imply annual variation in rainfall, because "episodic" simply implies variable rainfall without implying a particular periodicity. In practice, it might be possible to distinguish between seasonal and merely episodic rainfall in this environment. Because the growth of tropical woods is not controlled by a strong annual signal, interruptions of growth could be controlled entirely by aperiodic environmental factors (Ash and Creber, 1990 The preponderance of evidence worldwide as well as within the Chinle suggests that the Triassic climate consisted of a "megamonsoon" (Kutzbach and Gallimore, 1989) and that rainfall was therefore probably strongly seasonal. Total rainfall must have been relatively high, in order to explain the high water tables that would have had to exist to support perennial lakes and marshes, lush vegetation through dry periods, and to give rise to the observed Chinle paleosol profiles. This is consistent with monsoonal climate and vegetation.
